INTRODUCTION
A previous investigation by the authors demonstrated that electron concentration plays the major role in determining the hardness of binary molybdenum alloys (ref. 1) . Results showed that alloy hardening produced by additions of hafnium (Hf) and tantalum (Ta) to molybdenum (Mo) and alloy softening and hardening produced by additions of rhenium (Re), osmium (Os), iridium (Ir), and platinum (Pt) to Mo could be correlated with the difference in the number of s and d electrons of the solute element and Mo. These findings suggest that an intrinsic property of the alloys controls the hardness behavior of the Mo-base alloys investigated. If this argument is valid, it should be possible to predict the hardness behavior of ternary alloys on the basis of previously determined hardness data for binary alloys.
An alternative explanation of alloy softening is that solute elements can reduce the hardening effects associated with interstitial impurities by some form of substitutionalinterstitial association and thus soften the alloy. This hypothesis has grown out of the work on the group V metals Ta (refs. 2 and 3) and niobium (Nb) (refs. 4 and 5) , where interstitial solubilities are very high relative to their solubilities in the group VI metals chromium (Cr), Mo, and tungsten (W). If solute-interstitial association is important in softening of group VI metals, prediction of hardness for ternary alloys from binary data might not be possible because of variations in interstitial content from alloy to alloy.
The primary purpose of this investigation was to characterize the hardness behavior of ternary Mo alloys and compare these results with those expected on the basis of binary hardness data. A secondary purpose of this investigation was to determine if softening observed in binary alloys was additive in ternary alloys when the solutes were combined at concentration levels producing maximum softening in binary alloys.
Alloy additions to Mo included various combinations of Hf, Ta, Re, Os, Ir, and Pt. Hardness, the primary experimental measurement for this study, was determined for each alloy at four test temperatures over a homologous temperature range of 0. 02 to 0. 15 Tm (where Tm is the absolute melting temperature of unalloyed Mo), the temperature range where alloy softening was observed for binary Mo alloys. Materials for this investigation included high-purity electron-beamn-melted Mo, Ta, and Re; commercial-purity Hf turnings and Pt foil; and hydrogen-annealed Os and Ir powders. Ingots were prepared by nonconsumable triple arc-melting of 70-gram charges in a water-cooled copper mold followed by drop casting into a square-crosssection mold. Table I presents analyzed compositions in atomic percent of the Mo alloys. Interstitial analyses of several alloys from each alloy series in ppm by weight are also listed in table I. Slices approximately 3 millimeters thick and 15 millimeters on a side were cut from the cast ingots for hardness testing. One face of each specimen that was to be used for hardness testing was given a metallographic polish. Specimens were then annealed in a vacuum of 1x10 -4 newton per square meter or better for 1 hour at 0.7 to 0. 8 Tm in order to reduce segregation and produce single-phase, equiaxed, strain-free specimens.
SYMBOLS

Apparatus
The modified microhardness test unit used in this study has been described previously (ref. 6) . The test unit permitted hardness testing over the temperature range 77 to 411 K.
Procedure
Molybdenum alloy compositions were selected to determine if softening observed in binary Mo alloys is additive when concentrations of the solutes producing maximum softening in binary alloys are combined to form ternary alloys. Solute combinations of this type included Re-Os, Re-Ir, Re-Pt, and Ir-Pt. Alloying elements that produce only hardening in binary Mo alloys also were combined with those elements that cause softening in Mo. These alloy combinations included Ir-Hf, Ta-Pt, Re-Hf, and Re-Ta. A third combination of solute elements consisted of those elements that were shown in the previous study to produce only hardening in Mo, namely, Hf and Ta. A total of 66 ternary alloys were investigated.
Test temperatures for ternary Mo alloys were selected to cover the temperature range where alloy softening was observed for the binary Mo alloys, that is, less than 0. 17 Tm (ref. 1) . Test temperatures in equivalent increments included 77, 188, 300, and 411 K or 0. 027, 0. 065, 0. 104, and 0. 143 Tm, respectively. At least 10 diamond pyramid hardness impressions were made on each alloy at each test temperature. A load of 1 kilogram and a dwell time of 15 seconds were used for the impressions. The relative standard deviation was 5 percent.
RESULTS
Solute Effects
In order to determine if alloy softening observed in binary Mo alloys is additive, solute additions of Os, Ir, and Pt corresponding to those concentrations producing the maximum amount of softening at 77 K in the binary alloys were combined with Re, which ranged in concentration from 2 to 23 atomic percent. Hardnesses for the ternary Mo alloys are summarized in table I. Figure 1 shows the effect of Re on the hardnesses of the ternary alloys. Binary data for Mo-Re alloys are shown in figure 1 for comparison. The minimum hardnesses for Mo-Os, Mo-Ir, and Mo-Pt binary alloys at 77 K are also plotted on the ordinate in figure 1 to illustrate the softening achieved in binary alloys. It should be noted that the hardness increases with increasing Re content for three of the ternary systems investigated, which demonstrates that alloy softening is not additive.
Also shown in figure 1 are hardness data for a series of alloys containing Mo-6. 5-Ta-Re. (Concentrations are given in at. %. ) The hardness for another binary Mo alloy, Mo-7.9Ta, plotted on the ordinate, is near that obtained for the same Ta content in the ternary alloys. While Ta increases the hardness of Mo in binary alloys, combining a Mo-Ta alloy with Re produces softening in the ternary alloy system. It should be observed that the Mo-Ta-Re curve parallels the Mo-Re curve, the hardness minimum occurring at a Re content of approximately 8 atomic percent for both alloy series.
A second comparison of hardening in binary and ternary alloys is shown in figure 2 for the Mo-Hf and Mo-8. 5Re-Hf alloy series. The Re content is near the amount of Re producing the maximum amount of softening in the binary Mo-Re system. Only hardening is observed in this ternary system, and the two curves converge at higher Hf contents, which indicates that the hardening effect of Re is negligible in systems with high Hf contents.
A final form of hardness behavior in the ternary alloys is illustrated in figure 3 for Mo-3.5Ta-Pt alloys and Mo-6. 8Ta-Pt alloys compared with the binary Mo-Pt alloys.
The curve is drawn through the binary data, and it can be seen that the ternary data, which are for alloys containing 2 to 5.5 atomic percent Pt, lie along the hardening portion of the curve independent of Ta content up to 6. 8 Ta.
Temperature Effects
The variation of hardness with temperature for the ternary Mo alloys is shown in However, when the Re content exceeds the Ta content as in the ternary Mo-6. 5Ta-7. 8Re alloy, the variation of hardness with temperature is reduced substantially. The remaining ternary alloys in this series, with Re contents of 13.5, 18. 5, and 22. 8 atomic percent, also exhibit a reduced temperature dependency of hardness paralleling that of the Mo-6.5-Ta-7.8Re alloy. 
Electron Concentration Effects
In a previous study by the authors (ref. 1) on hardness behavior of binary Mo alloys, it was shown that hardness could be correlated with an electron concentration parameter 0, expressed by
where C is the concentration of solute in atomic percent and AV is the difference in number of s and d electrons between the solute element and Mo. Thus, binary alloy combinations that fall in region B at lower temperatures may fall in region C at higher temperatures because of the shift of region B to lower values of Q with increasing temperature.
To correlate the hardness of ternary alloys due to solute additions from the same region or from adjacent regions, the following expression was used:
where
There are a total of 11 possible combinations of A, B, and C to form ternary alloys (see fig. 7 (b)). Of these combinations, eight have been related to equation (2) . The remaining three possible combinations of ternary alloys, which involve solute additions from each of the hardening regions A and C, could not be correlated by equation (2), but could be described by equation (1), as is shown in this section. This deviation above the least-squares line is probably due to some hardening contributed by Ta, which ranged in content from 8 to 36 atomic percent.
Observation of figures 8 and 9 suggests that the value of Q at the hardness minimum (Qmin ) decreases with increasing test temperature in a manner that is similar to the results observed previously for binary Mo alloys ( fig. 12 of ref. 1 ).
DISCUSSION
Correlation of Hardness With Electron Concentration
Hardness results for the ternary Mo alloys have further confirmed the importance of electron concentration in controlling the hardness of Mo alloys. This was particularly borne out by the combination of solute elements that produced softening in the binary Mo alloys. The results showed that for B + B = B combinations, behavior is additive and further softening is produced. However, if the critical electron concentration corresponding to the hardness minimum for binary alloy systems is exceeded in the ternary alloys, B + B = C, no further softening will occur and hardening begins. Therefore, no additive softening effects were observed upon combining Re at a concentration which produced the maximum amount of softening in Mo with concentrations of Os, Ir, or Pt corresponding to solute contents at the hardness minimum.
The results further showed that there was good agreement between the measured hardnesses for ternary alloys and the hardnesses that would be expected from binary data. Electron concentration was shown to play a dominant role in controlling the hardness of the ternary Mo alloys by using equation (2), which averages the electron concentration contributed by each solute, and by taking into consideration the hardening and softening regions shown schematically in figure 7 . Solutes from the same or adjacent regions in figure 7 could be adequately described by equation (2), and the data were in good agreement with least-squares lines for the binary data.
In contrast, hardening produced by solutes from each of the two hardening regions could not be correlated by using equation (2) . This was anticipated since equation (2) would predict ternary alloys formed by solutes from the two hardening regions falling in the softening region. However, only hardening would be expected in this type of ternary alloy. The hardness results could be correlated by using equation (1), which avoids the problem of placing the ternary alloys in the softening region. It is not understood why just one solute controls the hardness in these alloys; however, this behavior was observed in Mo-Ta-Re, Mo-Hf-Re, and Mo-Ta-Pt alloys. The correlation of hardness with electron concentration points to an intrinsic property controlling hardness in binary and ternary Mo alloys. This finding is in contrast with previous results obtained by the authors on Nb alloys (ref. 5), where atom size misfit was observed to control hardness.
Most theories of solid solution strengthening contain an expression involving shear modulus and an atom size misfit parameter (ref. 7) . More recently, attempts have been made to correlate hardening and softening with electron concentration. Stern (ref. 8) showed that solution hardening occurs in titanium (Ti) alloys predominantly by an electronic mechanism. In general, high hardening rates were produced in Ti alloys for which columns of the solute and solvents are far apart in the periodic table, that is, for which the difference in s and d electrons is great.
In addition, the results of reference 5 suggested a similar trend of increased hardening rates in Nb alloys with increase in periodic table group number of the solute element. However, atom size misfit played the major role in controlling the hardness of The comparisons in figures 10(a) and (b) strongly suggest a direct correlation between mechanical properties (hardness) and electron structure, as indicated by the Hall coefficient and magnetic susceptibility. The abrupt change from softening to hardening in W-Re alloys is reflected by a similar change in physical properties, which suggests a change in electronic structure occurs at a critical composition in the W-Re system. These correlations further support the contention that alloy softening and hardening of body-centered-cubic gr6up VI metals are intrinsic properties of these metals and are controlled primarily by electronic structure.
In contrast, alloy hardening of body-centered-cubic group V metals is controlled by atomic size misfit, as shown by previous work by the authors on Nb-base alloys (ref. 5) . Alloy softening in these metals is apparently an extrinsic effect and, as suggested by others (refs. 2 to 4), is due to some type of solute-interstitial association.
CONCLUSIONS
Based on a hardness study of ternary alloys of molybdenum (Mo) with various combinations of hafnium (Hf), tantalum (Ta), rhenium (Re), osmium (Os), iridium (Ir), and platinum (Pt), the following conclusions are drawn:
1. Alloy softening observed in ternary Mo alloys (studied in this investigation) and in binary Mo alloys (studied previously by the authors) is a real characteristic of these alloys, as well as other group VI metals.
2. Alloy softening and hardening in ternary Mo alloys can, in general, be predicted from binary data by using expressions involving the number of s and d electrons contributed by the solute elements.
3. There is a critical electron concentration corresponding to the hardness minimum for all binary and ternary Mo alloys, which decreases with increasing test temperature. Combining solute elements Re, Os, Ir, and Pt at concentrations that produce the maximum amount of softening in Mo does not result in additive softening in ternary Mo alloys. 4. A direct correlation exists between hardness and electron structure for group VI metals. A comparison of hardness with literature data on Hall coefficient and magnetic susceptibility for W-Re alloys shows that the hardness minimums occur at the same Re concentrations where maximums are observed for Hall coefficient and magnetic susceptibility. 5 . The ability to predict the hardness of ternary Mo alloys from binary data and to correlate the data with the number of s and d electrons suggests that extrinsic effects such as solute-interstitial interactions do not substantially affect the hardness of the 
